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We first formulate, in the framework of effective Lagrangian, the general form of the effective
interactions of the lightest Higgs boson h and a heavier neutral Higgs boson H in a multi-Higgs
system taking account of Higgs mixing effect. We regard h as the discovered Higgs boson which has
been shown to be consistent with the standard model (SM) Higgs boson. The obtained effective
interactions contain extra parameters reflecting the Higgs mixing effect. Next, We study the
constraints on the anomalous coupling constants of H from both the requirement of the unitarity
of the S-matrix and the exclusion bounds on the SM Higgs boson obtained from the experimental
data at the 7–8 TeV LHC. From this we obtain the available range of the anomalous coupling
constants of H , with which H is not excluded by the yet known theoretical and experimental
constraints. We then study the signatures of H at the 14 TeV LHC. In this paper, we suggest
taking weak-boson scattering and pp → V H∗ → V V V as sensitive processes for probing H model
independently at the 14 TeV LHC. We take several examples with the anomalous HV V coupling
constants in the available ranges to do the numerical study. a full tree-level calculation at the
hadron level is given with signals and backgrounds carefully calculated. We impose a series of
proper kinematic cuts to effectively suppress the backgrounds. It is shown that, in both the V V
scattering and the pp → V H∗ → V V V processes, H boson can be discovered from the invariant
mass distributions of the final state particles with reasonable integrated luminosity. Especially, in
the pp → V H∗ → V V V process, the invariant mass distribution of the final state jets can show a
clear resonance peak of H . Finally, we propose several physical observables from which the values
of the anomalous coupling constants fW and fWW can be measured experimentally.
PACS numbers: 14.80.Ec, 12.60.Fr, 12.15.-y
I. INTRODUCTION
The discovery of the 125–126 GeV Higgs boson [1] at
the LHC in 2012 is a milestone in our understanding of
the electroweak (EW) theory. So far, the measured gauge
and Yukawa couplings of this 125–126 GeV Higgs boson
are consistent with the standard model (SM) couplings
[2]. Since the precision of the present measurements at
the LHC is still rather mild due to the large hadronic
backgrounds, a new high energy electron-positron col-
lider is expected for higher precision measurements of
the Higgs properties [3]. However, even if the measured
precise values of the 125–126 GeV Higgs boson couplings
are very close to the SM values, it does not imply that
the SM is a final theory of fundamental interactions since
the SM suffers from various shortcomings, such as the
well-known theoretical problems of triviality [4] and un-
naturalness [5]; the facts that it does not include the dark
matter; it can neither predict the mass of the Higgs boson
nor predict the masses of all the fermions, etc. Searching
for new physics beyond the SM is the most important
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goal of future particle physics studies.
Most new physics models contain more than one Higgs
bosons. In many well-known new physics models (such
as the two-Higgs-doublet models (2HDM), the minimal
supersymmetric extension of the SM (MSSM), the left-
right symmetric models, etc), the lightest Higgs boson
may behave rather like a SM Higgs boson, and the masses
of other heavy Higgs bosons are usually in the few hun-
dred GeV to TeV range. So it is quite possible that
the discovered 125–126 GeV Higgs is the lightest Higgs
boson in certain new physics models. Since the few hun-
dred GeV to TeV range is within the searching ability of
the LHC, searching for non-standard (NS) heavy neutral
Higgs bosons at the 14 TeV LHC is thus a feasible way
of finding out the correct new physics model beyond the
SM.
There are a lot of proposed new physics models in the
literatures in which the Higgs bosons can be either el-
ementary or composite, and we actually do not know
whether the correct new physics model reflects the nature
is just one of these proposed models or not. Therefore
just searching for heavy Higgs bosons model by model at
the LHC is not an effective way. For example, there have
been experimental searches for the heavy Higgs bosons in
the MSSM and the 2HDM with negative results [6][7][8].
A more effective way is to perform a general search for
2the heavy neutral Higgs boson model independently.
In the following, we shall treat the discovered 125-
126 GeV Higgs boson as a SM-like Higgs with negligible
anomalous couplings [9]. For a neutral heavier Higgs bo-
son with not so small gauge interactions (there may be
gauge-phobic heavy neutral Higgs bosons which are not
considered in the present study), we shall give a general
model-independent formulation of the gauge and Yukawa
couplings of the NS heavy neutral Higgs boson in a multi-
Higgs system taking account of the Higgs mixing effect
based on the effective Lagrangian consideration, which
contains several unknown coupling constants. We then
study the constraints on the unknown coupling constants
both theoretically and experimentally. We shall first
study the theoretical upper bounds on these unknown
coupling constants from the requirement of the unitar-
ity of the S-matrix. Then we shall consider the 95%
CL experimental exclusion limits on the SM Higgs bo-
son obtained from the CMS (ATLAS) data at the 7–8
TeV LHC [10]-[14]. The condition for the NS heavy neu-
tral Higgs bosons to avoid being excluded is that they
should have large enough anomalous couplings to suffi-
ciently reduce their production rates. These bounds pro-
vide certain knowledge on the possible range of these un-
known coupling constants, which can be a starting point
of our study of the model-independent detection of the
NS heavy neutral Higgs boson H at the LHC.
In this paper, we consider a general multi-Higgs system
with Higgs mixing caused by the general multi-Higgs in-
teractions. In the mass eigenstate, we pay special atten-
tion to the lightest Higgs boson h and the heavier Higgs
boson (heavier than h but lighter than other heavy Higgs
bosons) H . We regard h as the discovered 125–126 GeV
Higgs boson which has been shown to be consistent with
the SM Higgs boson. We then formulate the effective
interactions related to h and H up to the dim-6 oper-
ators. Since h is consistent with the SM Higgs boson,
we neglect its dim-6 interactions. The obtained effec-
tive interactions are different from the conventional one
constructed for a single-Higgs system [15] by containing
extra new parameters reflecting Higgs mixing effect.
Next, we study the existing theoretical and experimen-
tal constraints on the parameters in the effective interac-
tions. Theoretically, we require the present theory does
not violate the unitarity of the S-matrix. Experimen-
tally, we require the heavy Higgs boson H is not excluded
by the CMS (ATLAS) exclusion bound on the SM Higgs
boson [10]. These constraints determine an available re-
gion for the anomalous coupling constants with which the
heavy Higgs bosonH is not excluded by the present theo-
retical and experimental requirements. This provides the
staring point of studying the model-independent probe of
the heavy Higgs boson H at the 14 TeV LHC.
In this paper, we suggest taking weak-boson scatter-
ing and pp→ V H∗ → V V V (V =W,Z) as two sensitive
processes to probe H at the LHC. To have large enough
cross sections, we take the semileptonic mode in the final
states. We shall carefully analyze the signal, irreducible
background (IB), and all possible reducible backgrounds
(RBs), and impose a series of kinematic cuts to effec-
tively suppress the backgrounds. We shall see that the
heavy Higgs boson H can be detected with reasonable
integrated luminosities at the 14 TeV LHC. Especially in
the pp → V H∗ → V V V process, a clear resonance peak
of H can be seen experimentally.
Finally, we propose several physical observables from
which the anomalous coupling constants fW and fWW
can be measured experimentally. This provides a new
high energy criterion for new physics models beyond the
SM. Only new physics models giving fW and fWW con-
sistently with the measured values can survive, otherwise
the models will be ruled out by this new criterion. This
helps us to find out the correct new physics model re-
flecting the nature step by step.
This paper is organized as follows. Secs. II–IV are on
studying the formulation of the effective interactions and
their constraints. Secs.V–VIII are on the study of the
LHC signatures of H . In Sec. II. we present the details
of the formulation of the model-independent gauge and
Yukawa couplings of H in which the anomalous gauge
couplings are up to the dim-6 operators. Sec. III is the
study of the theoretical constraints on the unknown cou-
pling constants from the requirement of the unitarity
of the S-matrix. In Sec. IV, we study how the CMS
95% exclusion limit on the SM Higgs boson leads to the
lower bounds on the unknown coupling constant. Com-
bining the constraints given in Secs. III and IV, we get
the available range of the anomalous coupling constants,
with which H is not excluded by the yet known theo-
retical and experimental constraints. Sec.V is a brief
description of the general features of studying the LHC
signatures of H . In Sec.VI, we shall study the signal,
IB, and all the possible RB in weak-boson scattering,
and we take proper kinematic cuts for effectively sup-
pressing the backgrounds from analyzing the properties
of the signal and backgrounds. Then we show how the
MH = 400, 500 and 800 GeV heavy neutral Higgs boson
can be detected at the 14 TeV LHC. Sec. VII is the study
of the pp → V H∗ → V V V process. We shall show that
this process is more sensitive than weak-boson scatter-
ing in the sense that the resonance peak can be clearly
seen, and the required integrated luminosity is lower. In
Sec. VIII, we shall show that the anomalous coupling con-
stants fW and fWW can be measured by measuring both
the cross section and certain observable distributions of
the final state particles. Sec. IX is a concluding remark.
II. ANOMALOUS COUPLINGS OF THE
NON-STANDARD HEAVY NEUTRAL HIGGS
BOSONS
For generality, we shall not specify the EW gauge
group of the new physics theories under consideration.
The only requirement is that the gauge group should con-
tain an SU(2)L × U(1) subgroup with the gauge fields
3W,Z and γ. Also, we shall not specify the number of
Higgs bosons and their group representations, so that a
Higgs boson in the Lagrangian may be SU(2)L singlets,
doublets, etc.
Let Φ1,Φ2, · · · · · · be the original Higgs fields (in var-
ious SU(2)L representations) in the Lagrangian. The
multi-Higgs potential V (Φ1,Φ2, · · · · · · ) will, in general,
cause mixing between Φ1,Φ2, · · · · · · to form the mass
eigenstates. Let Φh and ΦH be the lightest Higgs and
a heavier neutral heavy Higgs fields with Higgs bosons
h and H (the neutral Higgs boson just heavier than h
and lighter than other heavy Higgs bosons), respectively
(gauge-phobic neutral heavy Higgs bosons are not con-
sidered in this study). They are, in general, mixtures of
Φ1,Φ2, · · · · · · . So that their vacuum expectation values
(VEVs) vh, vH are not the same as the SM VEV v=246
GeV.
In the following, we shall consider the anomalous
Yukawa couplings and anomalous gauge couplings sep-
arately.
A. Anomalous Yukawa Couplings
The anomalous Yukawa couplings are relevant to our
study of Higgs decays. We are not interested in multi-
Higgs-fermion couplings which are irrelevant to our
study.
As we have mentioned, we treat the 125–126 GeV
Higgs boson h as SM-like, i.e., with negligible anoma-
lous couplings. So that the Yukawa couplings of Φh to a
fermion f is
yhf ψ¯fΦhψf , (1)
where yhf is the Φh-f -f¯ Yukawa coupling constant which
is close to the SM Yukawa coupling constant ySMf .
For a NS heavy neutral Higgs boson φH , its Yukawa
coupling may not be the same as the standard Yukawa
coupling. It can be seen that up to dim-6 operators,
there is no new coupling form other than the dim-4
Yukawa coupling contributing [16]. We thus formulate
the anomalous Yukawa coupling of ΦH to a fermion f by
yHf ψ¯fΦHψf ≡ Cf ySMf ψ¯fΦHψf , (2)
where Cf is the anomalous factor of the Yukawa coupling.
When Cf = 1, the coupling y
H
f equals to the SM coupling
yf . In our study, the mostly relevant fermion is the t
quark since Ct concerns the H-g-g vertex, i.e., the Higgs
production rate and the H → gg (Higgs decays to light
hadrons) rate, and the H → tt¯ decay rate as well.
The values of Ct depends on the mixing between differ-
ent neutral Higgs bosons. So far there is no clear exper-
imental constraint on Ct. In the proposed new physics
models, some of the NS heavy neutral Higgs bosons has
Ct ≈ 1, while some of the NS heavy neutral Higgs bosons
have Ct < 1.
In our following studies, we consider both possibilities.
We regard the Ct ≈ 1 case as Type-I, and the Ct < 1
case as Type-II.
Note that there are more than one Higgs bosons con-
tributing to the fermion mass mf , i.e.,
mf =
1√
2
{
yhf vh + y
H
f vH + · · · · · ·
}
. (3)
We know that, with the SM Yukawa coupling ySMf and
v = 246 GeV, mf = y
SM
f v/
√
2. Comparing this with (3),
we obtain{
yhf
ySMf
vh
v
+
yHf
ySMf
vH
v
+ · · · · · ·
}
= 1. (4)
This serves as a constraint on the Yukawa coupling con-
stants and VEVs.
B. Anomalous Gauge Couplings
The effective gauge couplings of a Higgs boson in the
multi-Higgs system taking account of the Higgs mixing
effect have not been given in the published papers. We
formulate them in the following.
We first consider the lightest Higgs boson h. Because of
Higgs mixing, the gauge coupling constant gh of the light-
est Higgs field Φh may not be the same as the SU(2)L
gauge coupling constant g. For a SM-like lightest Higgs
boson, gh is close to g. With negligible anomalous cou-
plings, the dim-4 gauge couplings of the lightest Higgs
field is
L(4)hWW =
1
2
g2hvhhWµW
µ ≈ gMWρhhWµWµ,
L(4)hZZ =
1
4c2
g2hvhhZµZ
µ ≈ gMWρh
2c2
hZµZ
µ,
ρh ≡
g2hvh
g2v
, (5)
where g is the SU(2)L gauge coupling, v = 246 GeV,
MW is the W boson mass, and c ≡ cos θW .
For the NS heavy neutral Higgs boson H , its gauge
coupling gH may not be close to g due to the Higgs mixing
depending on the property of H . Similar to (5), the dim-
4 gauge coupling of H is
L(4)HWW =
1
2
g2HvHHWµW
µ ≈ gMWρHHWµWµ,
L(4)HZZ =
1
4c2
g2HvHHZµZ
µ ≈ gMWρH
2c2
HZµZ
µ,
ρH ≡
g2HvH
g2v
, (6)
Eq. (6) differs from the SM form only by an extra factor
ρH , i.e., g
2v =⇒ g2vρH . Since ρH depends on the spe-
cific mixing between H and other Higgs bosons, we take
it as an unknown parameter here.
4Beyond the dim-4 coupling (6), there can also be dim-6
anomalous gauge couplings of H . The form of the dim-
6 anomalous gauge couplings for a single-Higgs system
(with the dim-4 coupling the same as the SM interaction)
was given in Refs. [15][18] and a detailed review of this
was given in Ref. [19]. Now we are dealing with a multi-
Higgs system with the dim-4 coupling shown in Eq. (6).
Referring to the relation between the dim-4 and dim-6
couplings given in Refs. [15][19], we write down our dim-
6 couplings as
L(6)HV V =
∑
n
fn
Λ2
On . (7)
where Λ is the scale below which the effective Lagrangian
holds. When it is needed to specify the value of Λ in some
cases, we shall take Λ=3 TeV as an example. The gauge-
invariant dimension-6 operators On’s are
OBW = Φ†HBˆµνWˆµνΦH , ODW = Tr([Dµ, Wˆνρ], [Dµ, Wˆ νρ]), ODB = −
g′
2
2
(∂µBνρ)(∂
µBνρ),
OΦ,1 = (DµΦH)†Φ†HΦH(DµΦH), OΦ,2 =
1
2
∂µ
(
Φ†HΦH
)
∂µ
(
Φ†HΦH
)
, OΦ,3 = 1
3
(Φ†HΦH)
3,
OWWW = Tr[WˆµνWˆ νρWˆµρ ], OWW = Φ†HWˆµνWˆµνΦH , OBB = Φ†HBˆµνBˆµνΦH ,
OW = (DµΦH)†Wˆµν(DνΦH), OB = (DµΦH)†Bˆµν(DνΦH), (8)
where Bˆµν and Wˆµν stand for
Bˆµν = i
g′H
2
Bµν , Wˆµν = i
gH
2
σaW aµν , (9)
in which gH and g
′
H are the SU(2)L and U(1) gauge cou-
pling constants of H , respectively. It has been shown
that the operators OΦ,1, OBW , ODW , ODB are re-
lated to the two-point functions of the weak bosons,
so that they are severely constrained by the precision
EW data [19]. For example, OBW and OΦ,1 are re-
lated to the oblique correction parameters S and T ,
and are thus strongly constrained by the precision EW
data. The 2σ constraints on |fBW /Λ2| and |fΦ,1/Λ2| are:
|fBW /Λ2|, |fΦ,1/Λ2| < O(10−2) TeV−2 [20]. The opera-
tors OΦ,2 and OΦ,3 are related to the triple and quartic
Higgs boson self-interactions, and have been studied in
detail in Ref. [21]. The operator OWWW is related to
the weak-boson self-couplings, so that it is irrelevant to
the present study. Furthermore, the ATLAS and CMS
experiments on testing the triple gauge couplings [22]
show stronger and stronger constraints on the anomalous
triple gauge coupling. So that we ignore the operator
fWWWOWWW /Λ2 in our present study. The precision
and low energy EW data are not sensitive to the remain-
ing four operators OWW , OBB , OW , and OB , so these
four operators are what we shall pay special attention in
our study in high energy processes.
The relevant effective Lagrangian expressed in terms
of the photon field Aµ, the weak-boson fields W
±
µ , Zµ,
and the Higgs boson field H is
L(6)HV V = gHγγHAµνAµν + g(1)HZγAµνZµ∂νH + g(2)HZγHAµνZµν + g(1)HZZZµνZµ∂νH + g(2)HZZHZµνZµν
+g
(1)
HWW (W
+
µνW
−µ∂νH + h.c.) + g
(2)
HWWHW
+
µνW
−µν , (10)
and the anomalous couplings g
(i)
HV V with i = 1, 2 in our case are related to the anomalous couplings fn’s by
gHγγ = −gMWρH
s2(fBB + fWW )
2Λ2
, g
(1)
HZγ = gMWρH
s(fW − fB)
2cΛ2
, g
(2)
HZγ = gMWρH
s[s2fBB − c2fWW ]
cΛ2
,
g
(1)
HZZ = gMWρH
c2fW + s
2fB
2c2Λ2
, g
(2)
HZZ = −gMWρH
s4fBB + c
4fWW
2c2Λ2
,
g
(1)
HWW = gMWρH
fW
2Λ2
, g
(2)
HWW = −gMWρH
fWW
Λ2
, (11)
5in which s ≡ sin θW , c ≡ cos θW . These formulas are
similar to those given in Ref. [19] but with an extra fac-
tor ρH reflecting the Higgs mixing effect in the overall
constant.
So including the dim-4 and dim-6 anomalous cou-
plings, there are altogether five new parameters, namely
ρH , fW , fWW , fB and fBB. We see from Eq. (11) that
the parameters fB and fBB are not related to the HWW
couplings. They appear in the HZZ couplings with the
small factors s2 and s4, respectively. They mainly con-
tribute to the Hγγ and HZγ couplings.
The HV V operators in (10) contain extra derivatives
relative to (6). So that L(6)HV V is momentum dependent
in the momentum representation, i.e., the dim-6 coupling
has an extra factor of O(k2/Λ2) relative to the dim-4
coupling. This means that the effect of L(6)HV V is small
in the low momentum region but it is enhanced in high
energy processes. This is the reason why we take into
account both L(4)HV V and L(6)HV V in our study.
To see the details of the momentum dependence, we
list, in the following, the momentum representations of
the HV V interactions in (10).
V
µ
1
V ν2
H l
q
k
FIG. 1: Illustration of the momenta in the HV V interactions
in Eq. (10).
The three momenta in the HV V vertices in (10) are
illustrated in FIG. 1, in which l stands for the momentum
of H , q and k stand for the momenta of the two gauge
fields V µ1 and V
ν
2 , respectively. They satisfy
lµ + qµ + kµ = 0. (12)
(a) The Hγγ Interactions
gHγγHAµνA
µν → 2gHγγ(qνkµ − gµνq · k)AµAνH
= −2gMWρH
s2(fBB + fWW )
2Λ2
×(qνkµ − gµνq · k)AµAνH (13)
(b) The HZγ Interactions
Taking V µ1 = A
µ, V µ2 = Z
µ, we have
g
(1)
HZγAµνZ
µ∂νH + g
(2)
HZγHAµνZ
µν
→
[
g
(1)
HZγ(qµqν − q2gµν + qνkµ − gµνq · k)
+2g
(2)
HZγ(qνkµ − gµνq · k)
]
AµZνH
=
gMWρHs
2cΛ2
[
(fW − fB)(qµqν − q2gµν) +
(
fW − fB
+4(s2fBB − c2fWW )
)
(qνkµ − gµνq · k)
]
AµZνH (14)
Neglecting the small term proportional to s2, we have
g
(1)
HZγAµνZ
µ∂νH + g
(2)
HZγHAµνZ
µν
≈ gMWρHs
2cΛ2
[
(fW − fB)(qµqν − q2gµν)
+
(
fW − fB − 4fWW
)
(qνkµ − gµνq · k)
]
AµZνH.(15)
(c) The HWW Interactions
g
(1)
HWW (W
+
µνW
−µ∂νH + h.c.) + g
(2)
HWWHW
+
µνW
−µν
→
[
g
(1)
HWW (qµqν − q2gµν + kµkν − k2gµν)
+ 2(g
(1)
HWW + g
(2)
HWW )(qνkµ − q · kgµν)
]
W+µW−νH
=
gMWρH
2Λ2
[
fW (qµqν − q2gµν + kµkν − k2gµν)
+ 2(fW − 2fWW )(qνkµ − q · kgµν)
]
W+µW−νH(16)
(d) The HZZ Interactions
g
(1)
HZZZµνZ
µ∂νH + g
(2)
HZZHZµνZ
µν
→
[
1
2
g
(1)
HZZ (qµqν − q2gµν + kµkν − k2gµν)
+(g
(1)
HZZ + 2g
(2)
HZZ)(qνkµ − gµνq · k)
]
ZµZνH
=
gMWρH
2c2Λ2
[
1
2
(c2fW + s
2fB)
×(qµqν − q2gµν + kµkν − k2gµν)
+(c2fW + s
2fB − 2s4fBB − 2c4fWW )
×(qνkµ − gµνq · k)
]
ZµZνH (17)
Neglecting the small terms proportional to s2 and s4, we
have
g
(1)
HZZZµνZ
µ∂νH + g
(2)
HZZHZµνZ
µν
≈ gMWρH
2c2Λ2
[
1
2
fW (qµqν − q2gµν + kµkν − k2gµν)
+(fW − 2fWW )(qνkµ − gµνq · k)
]
ZµZνH. (18)
6Now the gauge boson masses, especially the W boson
mass, are also contributed by more than one Higgs fields.
Since L(6)HV V contains extra derivatives, it does not con-
tribute to the W boson mass. From (5) and (6) we see
that
M2W =
1
4
(g2hv
2
h + g
2
Hv
2
H + · · · · · · )
=
1
4
g2v(ρhvh + ρHvH + · · · · · · ). (19)
Comparing with the SM W boson mass M2W = g
2v2/4,
we obtain
ρh
vh
v
+ ρH
vH
v
+ · · · · · · = 1. (20)
This serves as another constraint on the gauge coupling
constants and VEVs. It is easy to see that the two con-
straints (20) and (4) can be satisfied simultaneously.
III. UNITARITY CONSTRAINTS ON THE
ANOMALOUS COUPLING CONSTANTS
As we mentioned in the last section, the anomalous in-
teractions in L(4)HV V +L(6)HV V include five unknown anoma-
lous coupling constants ρH , fW , fWW , fB, and fBB. Low
energy observables are insensitive to the related opera-
tors in L(6)HV V . We are going to study certain constraints
from high energy processes. In this section, we study
the theoretical constraint obtained from the requirement
of the unitarity of the S-matrix. In the next section, we
shall study the experimental constraint obtained from the
CMS 95% CL exclusion bound on the SM Higgs boson.
We would like to emphasize that we are not aiming
at precision calculations in this and the next sections.
Instead, our purpose is to find out a rough range of the
anomalous coupling constants fW and fWW with fW and
fWW inside which the heavy Higgs boson is not excluded
by the existing theoretical and experimental constraints,
so that the study of probing the heavy Higgs boson at 14
TeV LHC makes sense.
Since the operators in L(6)HV V are momentum depen-
dent, it will violate the unitarity of the S-matrix at high
energies (note that the CM energy can not exceed Λ in
the effective Lagrangian theory). So that the requirement
of the unitarity of the S-matrix can give constraints on
the size of the anomalous coupling constants. This kind
of study has been given in several papers [23] in which
the effective couplings for the single-Higgs system was
taken, and the study is a single-parameter analysis. We
cannot simply take such constraint in our study because
we are studying the effective couplings in a multi-Higgs
system taking account of the contributions of both the
lightest SM-like Higgs h and a heavier neutral Higgs bo-
son H with ρh, ρH 6= 1. In the following, to get the
order of magnitude constraints, we study the unitarity
constraints for our case in the effectiveW approximation
(EWA).
The strongest constraints come from the longitudinal
weak-boson scattering since the polarization vector ǫµL of
WL (ZL) contains extra momentum dependence. To the
precision of EWA, it is reasonable to neglect the small
terms of O(s2) and O(s4) in the anomalous HZZ cou-
pling as in the last step in Eq. (18). Then we see from (16)
and (18) that the relevant anomalous HWW and HZZ
couplings contain only three unknown coupling constants
ρH , fW and fWW , irrelevant to fB and fBB.
Expressing the S-matrix by S = 1 − iT , the unitarity
of the S-matrix reads
|S†S| = |1− iT |2 = 1 (21)
which leads to the following requirement
(Re〈a|T |a〉)2 + (Im〈a|T |a〉 − 1)2 +
∑
|b〉6=|a〉
|〈b|T |a〉|2 = 1
=⇒ (Re〈a|T |a〉)2 +
∑
|b〉6=|a〉
|〈b|T |a〉|2 ≤ 1. (22)
When we take |a〉 = |WLWL〉, the leading final state 〈b|
is 〈WLWL| and 〈ZLZL|. In certain regions of the anoma-
lous coupling constants, the leading matrix element may
be small, so that other non-leading final states should
also be considered. Thus we also include 〈b| = 〈WTWT |,
and 〈ZTZT |. Similarly, when we take |a〉 = |ZLZL〉, we
take 〈b| = 〈ZLZL|, 〈WTWT |, and 〈ZTZT |.
As usual, the unitarity constraints is to be calculated in
the partial wave expression which was studied in detail in
Ref. [24]. It is well-known that the S-wave contribution
is dominant. So we only calculate the matrix elements
of the S-wave amplitude T 0. For |a〉 = |WLWL〉 and
|a〉 = |ZLZL〉, the unitarity constraints read
|Re〈W+L W−L |T 0|W+LW−L 〉|2 + |〈ZLZL|T 0|W+LW−L 〉|2
+2|〈W++W−+ |T 0|W+LW−L 〉|2 + 2|〈Z+Z+|T 0|W+LW−L 〉|2
≤ 1, (23)
and
|Re〈ZLZL|T 0|ZLZL〉|2 + 2|〈Z±Z±|T 0|ZLZL〉|2
+ |〈W+LW−L |T 0|ZLZL〉|2 + 2|〈W+±W−± |T 0|ZLZL〉|2
≤ 1. (24)
In our study, we have taken into account the contribu-
tions of both h and H . These kinds of results have not
been given in the published papers. We shall present our
analytical results and numerical analysis as follows. We
give the results in the center-of-mass (c.m.) frame, and
express the scattering amplitudes in terms of the s,t,u
parameters.
7A. W
+
L
W
−
L
→ V V
Re〈W+LW−L |T 0|W+LW−L 〉 = −
g2
64π
{[
ρ2H(1−
M2W
Λ2
fW )
2 + ρ2h − 1
]
s
M2W
+O(s0)
}
. (25)
〈ZLZL|T 0|W+LW−L 〉 =
g2
32π
{[
ρ2H
(
1− M
2
W
Λ2
fW
)(
M2Z
Λ2
fW − 1
)
− ρ2h + 1
]
s
M2W
+O(s0)
}
. (26)
〈W+±W−± |T 0|W+LW−L 〉 =
ρ2Hg
2
32π
(
1− M
2
W
Λ2
fW
)
(2fWW − fW )
s
Λ2
+O(s0). (27)
〈Z±Z±|T 0|W+L W−L 〉 =
ρ2Hg
2
32π
(
1− M
2
W
Λ2
fW
)
(2fWW − fW )
s
Λ2
+O(s0). (28)
In (25)–(28), the terms with ρH are the contributions of H , and those with ρh are contributions of h. We see from
(27) and (28) that, in these two matrix elements, the leading terms contain only the contributions of H (from its
dim-6 couplings).
B. ZLZL → V V
Since there are all s, t and u channel contributions in ZLZL → ZLZL, the leading O(s1) terms in the three channels
just cancel with each other. So that
Re〈ZLZL|T 0|ZLZL〉 = O(s0). (29)
Results of other final states are
〈Z±Z±|T 0|ZLZL〉 = ρ
2
Hg
2
32π
{(
1− M
2
Z
Λ2
fW
)
(2fWW − fW )
s
Λ2
+O(s0)
}
, (30)
and
〈W+±W−± |T 0|ZLZL〉 =
ρ2Hg
2
32π
{
(2fWW − fW )
(
1− M
2
Z
Λ2
fW
)
s
Λ2
+O(s0)
}
. (31)
We se that in (29)–(31), all the leading terms contain only the contributions of H (from its dim-6 couplings).
With all the above results, we are ready to analyze
the unitarity constraints on the anomalous coupling con-
stants fW and fWW . Since we are interested in weak-
boson scattering at high energies in which L(6)HV V is en-
hanced, we shall only keep the terms with leading power
of s in all the above results. In our numerical analysis,
we simply take the s parameter to be its highest value
s = Λ2. We shall study such constraints numerically per-
forming a two-parameter analysis. Before doing that, we
need to specify the other unknown parameters. First of
all, as we have mentioned in Sec. II, we shall take Λ = 3
TeV as an example. For ρh, the known SM-like proper-
ties of h means that ρh should not be so different from
1. We shall take ρh = 0.8, 0.9 as two examples. For
ρH , we shall see in the next section that if ρH > 0.6,
the heavy neutral Higgs boson H can hardly avoid be-
ing excluded by the CMS 95% CL exclusion bounds on
the SM Higgs boson. Therefore, for an existing H , ρH
should be less than 0.6. We shall take ρH = 0.6, 0.4 as
two examples. The results of our analysis are shown in
FIG. 2 in which FIG. 2(a) is with ρh = 0.8, ρH = 0.6,
and FIG. 2(b) is with ρh = 0.9, ρH = 0.4. In FIG. 2,
the red and blue-dashed contours are boundaries of the
allowed regions obtained from W+LW
−
L → V V [Eq. (23)]
and ZLZL → V V [Eq. (24)], respectively.
We see that ρHfW /Λ
2 and ρHfWW /Λ
2 are constrained
up to a few tens of TeV−2 which is different from the
results given in Ref. [23].
So far we have not concerned the unitarity bounds
on fB and fBB. In principle, they can be obtained
8by studying the scattering processes WLWL → γγ and
WLWL → Zγ. However, since the photon has only trans-
verse polarizations, such bounds will be weaker. Actu-
ally, in the next section, we shall argue that we may make
the approximation of neglecting the anomalous coupling
constants in the dim-6 couplings of the Hγγ and HZγ
couplings.
(a) (b)
FIG. 2: Unitarity bounds on fW and fWW in which (a) is with ρh = 0.8 and ρH = 0.6; (b) is with ρh = 0.9 and ρH = 0.4. The
red and blue-dashed contours are boundaries of the allowed regions obtained from W+LW
−
L → V V [Eq. (23)] and ZLZL → V V
[Eq. (24)], respectively.
IV. EXPERIMENTAL CONSTRAINTS ON
ANOMALOUS COUPLING CONSTANTS
After the discovery of the 125–126 GeV Higgs boson
in 2012, the CMS (ATLAS) Collaboration has made a
lot of measurements on excluding the SM Higgs boson
with mass up to 1 TeV (600 GeV) [10][1][25] at 95%
C.L. For a NS heavy neutral Higgs boson, it must have
large enough anomalous couplings to reduce its produc-
tion cross section to avoid being excluded by the CMS
experiments. This provides the possibility of constrain-
ing the anomalous coupling constants experimentally. In
this section, we study such experimental bounds. Values
of the anomalous coupling constants consistent with both
the unitarity constraint and the experimental constraint
are the available anomalous coupling constants that an
existing heavy neutral Higgs boson can have.
Unlike what we did in the last section, we take account
here the Higgs decay rates and the Higgs width to full
leading order in perturbation, and we keep the nonvan-
ishing weinberg angle, i.e., we use (14) and (17) rather
than (15) and (18) for L(6)HZγ and L(6)HZZ . In our numerical
analysis, we take FeynRules 2.0 [26] in our analysis code,
and we use MADGRAPH5 [27] to calculate the Higgs
production and decay rates.
In our effective couplings, there are altogether seven
unknown parameters, namely Ct, ρh, ρH , fW , fWW , fB
and fBB. So the analysis is rather complicated. From
Eq. (11), we see that fB and fBB do not appear in the
HWW vertex, and they appear in the HZZ vertex with
the suppression factors s2 and s4, respectively. So their
contributions to V V scattering and pp→ V H∗ → V V V
studied in our next paper are negligibly small. They
are mainly related to the decays H → γγ and H → Zγ.
However, for the heavy Higgs boson withMH ≥ 400 GeV
in our study, all the decay channels H →WW,H → ZZ
and H → tt¯ are open, so that the two decay channels
H → γγ and H → Zγ are relatively not so important.
Since we are not aiming at doing precision calculations,
we may take certain approximation to avoid dealing with
fB and fBB in the analysis to simplify it.
We then examine the ATLAS and CMS results of the
strength µ = σ/σSM |95% CL for the decay channels H →
γγ [28][29] and H → Zγ [30][31]. Unfortunately, the
data only exist below 150 GeV which does not include
the range MH ≥ 400 GeV in our study. So we can only
make a speculation of the situation in the range above
150 GeV. We see from the results in Refs. [28][29][30][31]
that the trend of the ATLAS and CMS results below 150
GeV is that the experimental curves tend to gradually
go closer to the µ = 1 axis. So we roughly estimate
that they may keep this situation above 150 GeV. This
means that there is no evidence of needing significant
anomalous couplings in theHγγ andHZγ couplings, i.e.,
we just neglect the anomalous coupling constants of the
9effective Hγγ and HZγ interactions. We frist see from
Eq. (13) that neglecting the anomalous coupling constant
in Eq. (13) means
fBB ≈ −fWW . (32)
We then see from Eq. (14) that there are two terms in
it. The first term is proportional to (qµqν − q2gµν)Aµ
which vanishes for on-shell photon. Thus neglecting the
anomalous coupling constant in Eq. (14) means
fB ≈ fW − 4fWW . (33)
Eqs. (32) and (33) serve as two constraints on fBB and
fB, expressing them in terms of fW and fWW . Then we
have only five unknown coupling constants left, namely
Ct, ρh, ρH , fW and fWW , as in the last section.
Next we look at L(6)HWW and L(6)HZZ . We see from (16)
that L(6)HWW does not contain fB and fBB, so it is un-
affected by the approximations (32) and (33). However,
L(6)HZZ does contain fB and fBB. With the approxima-
tions (32) and (33), Eq. (17) becomes
L(6)HZZ =
gMWρH
2c2Λ2
[
1
2
(fW − 4s2fWW )
×(qµqν − q2gµν + kµkν − k2gµν)
+(fW − 2fWW )(qνkµ − gµνq · k)
]
ZµZνH. (34)
Now we consider the CMS and ATLAS exclusion
bounds on SM Higgs boson [10][1][25]. The strongest one
is CMS result obtained from the H → ZZ → 4ℓ channel
[10]. In this section, we mainly consider this strongest
bound, and we also take account of other weaker bounds
[25] when considering the size of the available range for
fW and fWW .
The strongest CMS exclusion bound is given in the
Higgs mass range up to 1 TeV. Its feature is that the
experimental curve goes rapidly away from the µ = 1
axis (below µ = 1) above 120 GeV, and fluctuates in
the range between 140 GeV and 400 GeV, and then
goes relatively smoother towards the µ = 1 axis up to
1 TeV. In view of the significant fluctuations below 400
GeV, we shall take MH=400 GeV, 500 GeV and 800
GeV as examples to do the two-parameter analysis. The
parameters in these examples are:
i, 400II: MH = 400 GeV, Ct = 0.5 (Type-II),
ρh = 0.9, ρH = 0.4,
ii, 500I: MH = 500 GeV, Ct = 1 (Type-I), ρh = 0.9,
ρH = 0.4,
iii, 500II:MH = 500 GeV, Ct = 0.6 (Type-II), ρh = 0.8,
ρH = 0.6,
iv, 800I: MH = 800 GeV, Ct = 1 (Type-I), ρh = 0.8,
ρH = 0.6,
v, 800II: MH = 800 GeV, Ct = 0.2 (Type-II), ρh = 0.9,
ρH = 0.25,
When calculating the strength µ for H → ZZ → 4ℓ,
we need to calculate
σ = σ(pp→ HX)B(H → ZZ → 4ℓ),
B(H→ZZ→4ℓ) = Γ(H→ZZ→4ℓ)
Γ(H→ZZ) + Γ(H→WW ) + · · · .(35)
The total decay width Γ(H→ZZ) + Γ(H→WW ) + · · ·
needs further discussion. Apart from the decay modes re-
lated to the effective coupling mentioned in Sec. II, there
can also be the decay mode H → hh caused by an effec-
tive coupling λvHHhh (note that H is the lightest heavy
Higgs boson so that it can not decay to other heavy Higgs
bosons). For H with MH ≥ 400 GeV, all the decay
channels H → WW, H → ZZ and H → tt¯ are open.
Since Mh is larger than MW and MZ , the phase space
in H → hh is smaller than those in H → WW and
H → ZZ. Thus the mode H → hh does not play an im-
portant role in the total width. Since we are not aiming
at doing precision calculations, we can make the approx-
imation of neglecting the H → hh mode in the total
decay width of H to avoid introducing a new unknown
parameter λ. In this approximation, our obtained total
decay width of H is smaller than its actual value. This
makes the obtained exclusion constraint on H stronger
than what it actually is. Thus our approximate calcula-
tion is a conservative calculation, i.e., the required values
of fW and fWW from our approximate exclusion bound
are more than enough for avoiding being excluded by the
actual exclusion bound. This guarantees that a heavy
Higgs boson H with the obtained allowed values of fW
and fWW is definitely not excluded by the CMS exclusion
bound [10].
Now we present our two-parameter numerical analysis
results.
1. MH =400 GeV
As we have mentioned, the exclusion bound is very
strong at MH = 400 GeV. Our numerical analysis shows
that, for the case of Type-I, a NS heavy neutral Higgs
boson with MH = 400 GeV can hardly avoid being ex-
cluded. Of course, if we take ρH to be small enough,
it may help. But a heavy neutral Higgs boson with so
small gauge interactions is not considered in this study,
and will be considered elsewhere.
Now we consider case of 400II. The small Ct re-
duces the Higgs production cross section by gluon fu-
sion σ(pp → HX), so that the requirement of reduc-
ing B(H → ZZ → 4ℓ) is milder, and it is possible to
find out the available values of fW and fWW . The re-
sult of our two-parameter numerical analysis is shown
in FIG. 3. The shaded region means the values of fW
and fWW which can sufficiently reduce the branching ra-
tio B(H → ZZ → 4ℓ) such that the heavy neutral Higgs
boson is not excluded by the CMS exclusion bound. Con-
sidering further the unitarity bound in FIG. 2(b), we find
that the real available region (consistent with the unitar-
ity bound) is the part shaded in blue.
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FIG. 3: Obtained experimental bound on fW and fWW in the
case of 400II. The blue shaded region is the available region.
2. MH=500 GeV
For MH = 500 GeV, the SM Higgs exclusion bound
is looser. We take two sets of parameters as examples,
namely 500I (Type-I) case with Ct = 1, ρh = 0.9, ρH =
0.4; and 500II (Type-II) case with Ct = 0.6, ρh =
0.8, ρH = 0.6.
We first look at the 500I case. The result of our two-
parameter numerical analysis is shown in FIG. 4 in which
the shaded region is the region of fW and fWW making
the heavy neutral Higgs boson H not excluded by the
CMS exclusion bound, and the small part shaded in blue
is consistent with the unitarity bound shown in FIG. 2(b),
i.e., the available region. Note that this is also in the first
quadrant of the fW -fWW plane.
FIG. 4: Obtained experimental bound on fW and fWW in the
case of 500I. The blue shaded region is the available region.
Next we look at the 500II case. The result of our two-
parameter numerical analysis is shown in FIG. 5 in which
the blue shade region is the available region (the whole
region is consistent with the unitarity bound shown in
FIG. 2(a)). These available region is in the third and
fourth quadrants. Since the value ρH = 0.6 is larger
than that in the 500I case, the needed values of fW and
fWW for sufficiently reducing B(H → ZZ → 4ℓ) in the
first quadrant are so large that they exceed the unitarity
bound shown in FIG. 2(a). Thus only the region shown
in FIG. 5 is really available.
3. MH=800 GeV
FIG. 5: Obtained experimental bound on fW and fWW in the
case of 500II. The blue shaded region is the available region.
We see from the CMS exclusion bound [10] that the
exclusion bound at MH=800 GeV is very loose, so that
almost all values of fW and fWW are available to make
the heavy neutral Higgs boson not excluded by the CMS
exclusion bound. In the 800I case, Ct = 1, the total decay
width of the 800 GeV heavy neutral Higgs boson is quite
large that it is not possible to see a resonance bump at
the LHC, but it is still possible to detect it by measuring
the cross section. In the 800II case, a sufficiently small
value of Ct will make the total decay width small enough
that a resonance bump can be seen at the LHC.
To understand why the available regions in FIGs. 3, 4
and 5 are so different, let us look at how fW and fWW
affect Γ(H → WW ) and Γ(H → ZZ). Below are our
obtained results of Γ(H →WW ) and Γ(H → ZZ).
Γ(H →WW ) ≈ g
2ρ2HM
3
H
64πM2W
[(
1− M
2
W
Λ2
fW
)2
+2
M4W
Λ4
(fW − 2fWW )2 +O
(
M2W
M2H
)]
, (36)
Γ(H → ZZ) ≈ g
2ρ2HM
3
H
128πM2W
[(
1−M
2
Z
Λ2
(fW−4s2fWW )
)2
+2
M4Z
Λ4
(fW − 2fWW )2 +O
(
M2W
M2H
)]
, (37)
First of all, we see from (36) and (37) that, if fW and
fWW are in the second quadrant of the fW -fWW plane,
i.e., fW < 0, fWW > 0, they always increase Γ(H →
WW ) and Γ(H → ZZ), and Γ(H → ZZ) is increased
more than Γ(H →WW ) is. In this case, B(H → ZZ →
4ℓ) is always increased, so that the heavy Higgs boson H
is definitely excluded by the CMS exclusion bound, i.e.,
there is no available region of fW and fWW in the second
quadrant of the fW -fWW plane. It is so in FIGs. 3, 4 and
5.
Next we look at the case that |fW | , |fWW | < Λ2/M2W
with fW − 2fWW not too large. We see from (36)
and (37) that, for fW and fWW in the first quadrant
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(fW > 0, fWW > 0), Γ(H → WW ) and Γ(H → ZZ)
are all decreased, and Γ(H → WW ) is decreased more
than Γ(H → ZZ) is. So that B(H → ZZ → 4ℓ) is in-
creased, i.e., there is no available region of fW and fWW
in the first quadrant of the fW -fWW plane. However, in
the third quadrant (fW < 0, fWW < 0) and the fourth
quadrant (fW > 0, fWW < 0), either Γ(H → WW ) is
increased more than Γ(H → ZZ) is, or Γ(H → WW )
is decreased less than Γ(H → ZZ) does. Thus in these
two quadrants, B(H → ZZ → 4ℓ) is reduced, so that
there can be available region of fW and fWW in the third
and fourth quadrants of the fW -fWW plane. This is just
the situation in FIG. 5. In the special case of 400IIwith
Ct = 0.5 which significantly reduces the Higgs produc-
tion cross section σ(pp → HX), in addition to the third
and fourth quadrants, there can also be available region
in the first quadrant even B(H → ZZ → 4ℓ) is increased
a little there. Thus in this special case, there can be avail-
able regions in the first, third, and fourth quadrants. This
is the situation in FIG. 3.
We then look at the case that |fW | , |fWW | ∼ Λ2/M2W .
In this case, we should examine both the first and sec-
ond terms in (36) and (37). In the first quadrant, the first
terms are quite small, and the second terms (proportional
to fW − 2fWW ) can also be small when fW ≈ 2fWW ,
while the total decay rate [the denominator in Eq. (35)]
is not reduced so much since Γ(H → tt¯) is not so small.
So, in this case, B(H → ZZ → 4ℓ) can be sufficiently re-
duced. In the fourth quadrant, the second terms are not
small enough, and in the third quadrant, the first terms
are not small enough. So that in the third and fourth
quadrants B(H → ZZ → 4ℓ) cannot be sufficiently re-
duced. Thus in this case there can be available region of
fW and fWW only in the first quadrant of the fW -fWW
plane. This is the situation in FIG. 4.
When |fW | and |fWW | become larger and larger, the
constant terms (independent of fW and fWW ) in (36)
and (37) are less and less important. In this case,
Γ(H → WW ) and Γ(H → ZZ) all increase, and they
are different only by the term containing 4s2fWW . it
can be shown that, in this case,
Γ(H → ZZ) ≮ 0.2 Γ(H →WW ), (38)
or
Γ(H → ZZ)
Γ(H →WW ) + Γ(H → ZZ) ≮ 0.17. (39)
Comparing the corresponding SM values, our detailed
analysis shows that, for MH= 400 GeV and 500 GeV,
this is not small enough for sufficiently reducing B(H →
ZZ → 4ℓ) to avoid being excluded by the CMS bound
in Ref. [10]. Thus the available values of |fW | and |fWW |
cannot be arbitrarily large. This is why the available re-
gions in FIG. 3, FIG. 4, and FIG. 5 are all closed regions.
Finally, we would like to add a discussion on whether it
is reasonable to simply apply the CMS exclusion bound
to our examples with new physics interactions as what we
did above. We know that the detection efficiency of the
detector depends on specific interactions, and the detec-
tion efficiency of the CMS exclusion bound in Ref. [10]
is for the SM interaction. We shall take 400II with
ρHfW /Λ
2 = 30 TeV−2 and ρHfWW /Λ
2 = 10 TeV−2.,
500I with ρHfW /Λ
2 = 30 TeV−2, and ρHfWW /Λ
2 =
10 TeV−2, and 500II with ρHfW /Λ
2 = 6 TeV−2 and
ρHfWW /Λ
2 = −5 TeV−2 as examples to calculate how
much their detection efficiencies deviate from the that
with the SM interaction.
We shall make a calculation to study how much such
deviations actually are in detecting pp → H → ZZ →
ℓ+ℓ−ℓ+ℓ− at the 8 TeV LHC. We use DELPHES 3 [33]
to roughly simulate the detector. We use MADGRAPH
5 to do the simulation, and use MadAnalysis to obtain
the efficiency.
In our calculation, we have chosen 60 GeV <
M(ℓ+ℓ−) <120 GeV to guarantee that the two final
states ℓ+ and ℓ− are from the decay of a Z boson. We
have also chosen 200 GeV< M(ℓ+ℓ−ℓ+ℓ−) < 600 GeV
and 300 GeV< M(ℓ+ℓ−ℓ+ℓ−) < 700 GeV to guarantee
the final state ℓ+ℓ−ℓ+ℓ− are from the decay of our heavy
Higgs bosons under consideration.
The obtained detection efficiency for detecting H →
ZZ → ℓ+ℓ−ℓ+ℓ− is listed in TABLE I.
TABLE I: Comparison of the detection efficiencies between the SM and our examples: 400II with ρHfW /Λ
2 = 30 TeV−2 and
ρHfWW /Λ
2 = 10 TeV−2., 500I with ρHfW /Λ
2 = 30 TeV−2, and ρHfWW /Λ
2 = 10 TeV−2, and 500II with ρHfW /Λ
2 = 6
TeV−2 and ρHfWW /Λ
2 = −5 TeV−2.
400II SM (MH = 400 GeV) 500I 500II SM (MH = 500 GeV)
detection efficiency 17.9% 17.7% 18.6% 18.8% 17.6%
We see that, for 400II, the new interaction causes a relative change of the efficiency with respect to the
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SM efficiency by (17.9% − 17.6%)/17.6% = 2%. For
500I and 500II, the corresponding relative changes of
the efficiency are (18.6% − 17.6%)/17.6% = 6% and
(18.8% − 17.6%)/17.6% = 7%, respectively. Since we
are not aiming at doing precision calculations, a few per-
cent change will not affect our main conclusions in simply
applying the CMS exclusion bound to our examples..
V. GENERAL FEATURES OF STUDYING THE
LHC SIGNATURES OF H
For the study of the LHC signatures of H at the 14
TeV LHC, we do not suggest taking the conventional on-
shell Higgs production, used in studying the properties of
the 125–126 GeV Higgs boson, to probe the anomalous
heavy Higgs boson, The reason is the following. Com-
paring Eq. (10) with Eq. (6) in Sec. II, we see that the
dim-6 interaction contains an extra factor k2/Λ2 relative
to the dim-4 interaction, coming from the extra deriva-
tives in Eq. (10). Here k is a typical momentum of the
order of the momentum of the Higgs boson. In on-shell
Higgs production, k2 ∼ M2H . Taking MH = 500 GeV as
an example, k2/Λ2 ∼ M2H/Λ2 = 0.25/9 = 0.03. Thus
the contribution of the dim-6 interaction is only a very
tiny portion of the total contribution, so that it is hard
to detect the dim-6 interaction effect in on-shell Higgs
production.
Instead, in this paper, we suggest taking V V scattering
and pp→ V H∗ → V V V as sensitive processes for prob-
ing the anomalous heavy Higgs boson at the 14 TeV LHC.
These processes contain off-shell heavy Higgs contribu-
tions. In the tail with energy higher than the resonance
peak, k2/Λ2 can be larger. Although the tail with much
higher energy than the resonance is seriously suppressed
by the parton distribution (e.g., the region k2 . Λ2 is al-
most completely suppressed), the remaining high energy
tail can still enhance the contribution of the dim-6 inter-
action as we shall see in Secs.VI–VIII. Furthermore, each
of these two processes contains two HV V vertices. This
makes the cross sections more sensitive to the anomalous
couplings than in on-shell Higgs production.
Although the two suggested processes are weak-
interaction processes with not so large cross sections, the
signal to background ratio can be effectively improved by
imposing a series of proper cuts. So that the integrated
luminosity needed for 3σ and 5σ deviations are not so
high (e.g., see TABLEVI) in Sec. VII.
That weak-boson scattering can be a sensitive process
for detecting an anomalous Higgs boson at the LHC was
first pointed out in Ref. [20], in which the effective cou-
plings for a single-Higgs system, and the pure leptonic
decay mode of the final state W bosons was considered.
It showed that the required integrated luminosity was
high. Ref. [32] studied the same problem but with the
semileptonic decay channel (one of the final state W bo-
son decays to leptons and the other W boson decays to
jets), and showed that the required integrated luminosity
was significantly reduced.
Thus we shall study the semileptonic decay mode in
both the weak-boson scattering and pp→ V H∗ → V V V
processes, i.e., pp → V V jf1 jf2 → ℓ+νℓj1j2jf1 jf2 (jf1 , jf2
stand for forward jets) in weak-boson scattering, and
pp → V H∗ → V VW → ℓ+νℓj1j2j3j4 in the pp →
V H∗ → V V V process. Since there are several jets in
the final states, parton-level calculation is not adequate.
We shall do the calculation to the hadron level.
We take the CTEQ6.1 parton distribution functions
[34], and use MADGRAPH5 [27] to do the full tree-level
simulation. The parton shower and hadronization are
calculated with PYTHIA6.4 [35], and the anti-kT algo-
rithm [36] in DELPHES 3 [33] is used for the formation of
jets with R = 0.7 [37]. We also use DELPHES 3 to simu-
late the detecting efficiency of the detector. We take the
five examples in Sec. IV to do the simulation, and take
the acceptance of the detector listed in TABLE II.
TABLE II: The detector acceptance.
|η|max PTmin
µ 2.4 10GeV
e 2.5 10GeV
jet 5 20GeV
photon 2.5 0.5GeV
In each process, we regard the contributions by the
heavy Higgs boson H as the signal, other contributions
without H as backgrounds. Among the backgrounds pro-
cesses, the process with the same initial- and final-state
is regarded as the irreducible background (IB), others
are reducible backgrounds (RB). The signal and the IB
should be calculated together since they have interfer-
ence. Let σ be the total cross section. The background
and the signal cross sections are then defined as
σB = σ(Ct = 1, ρh = 1, ρH = 0, fW = 0, fWW = 0),
σS = σ − σB . (40)
For an integrated luminosity Lint, The signal and back-
ground event numbers are NS = LintσS , NB = LintσB.
In this paper, we take the Poisson distribution approach
to determine the statistical significance σstat. The gen-
eral Poisson probability distribution reads
PB =
∑
N
e−NB
NNB
N !
,
N = NS +NB, NS +NB + 1, · · · ,∞. (41)
Comparing the obtained value of 1 − PB with the prob-
ability of the signal in the Gaussian distribution, we can
find out the corresponding value of σstat [38]. The value
of σstat obtained in this way approaches to the simple
form
σstat =
NS√
NB
(42)
when NS and NB are sufficiently large.
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VI. PROBING HEAVY NEUTRAL HIGGS
BOSONS VIA WEAK-BOSON SCATTERING
In this section, we study the semileptonic mode of
weak-boson scattering, pp → V V jf1 jf2 → ℓ+νℓj1j2jf1 jf2 .
We first look at the Feynman diagrams of the signal, IB,
and RBs in this process. Feynman diagrams for the sig-
nal and examples of the IB are shown in FIG. 6
FIG. 6: Feynman diagrams in weak-boson scattering. (a) the signal, (b) examples of the IB.
These two kinds of diagrams in FIG. 6(a) and FIG. 6(b)
should be calculated together since they have interfer-
ence.
Apart from the IB, there are two kinds of RBs, namely
the so-called QCD backgrounds and top-quark back-
grounds [39]. Note that the two jets j1 and j2 from W
decay mainly behave as a “single” energetic fat jet J
along the W direction [40][41] since the final state W is
very energetic. This is the reason why we take R = 0.7 in
the anti-kT algorithm. In this case, the important QCD
backgrounds which can mimic the signal at the hadron
level are the the inclusive W + 3j (with W → ℓ+νℓ, and
the three jets mimic the fat jet J and the two forward
jets) and the WV + 2j (with W → ℓ+νℓ, V → J , and
the two jets mimic the two forward jets). The parton-
level Feynman diagrams of these two QCD backgrounds
are shown in FIGs. 7 and FIGs. 8. These two QCD back-
grounds have been discussed in Ref. [32]. In our calcula-
tion, we match the partons with jets using the method in
Refs. [42][43] to obtain the inclusiveW +3j and inclusive
WV + 2j backgrounds.
The top-quark background is pp→ tt¯→ W+bW−b¯→
ℓ+νℓj1j2bb¯ with j1j2bb¯mimicking the two jets inW decay
and the two forward jets. The Feynman diagrams of the
top-quark background are shown in FIB. 9.
We shall take the following kinematic cuts, reflecting
the properties of the signal, to suppress the backgrounds
and keep the signal as much as possible.
cut1: Requiring an isolated lepton ℓ+ (µ+, e+) in the
central rapidity region
N(ℓ+) = 1, N(ℓ−) = 0
with |ηℓ+ | < 2. (43)
Since the signal lepton has larger probability to be in
the central rapidity region than the RBs do, this cut will
suppress the RBs relative to the signal. Furthermore,
there can be fake leptons (ℓ+ or ℓ−) coming from the
decays of the hadrons π, η, J/ψ, etc. in the hadronized
jets. This cut can also suppress the fake leptons.
cut2: pT (leptons)-cut
Let pT (ℓ
+) and /pT ≡ pT (νℓ) be the transverse momen-
tum vectors of ℓ+ and νℓ, respectively. Our simulation
shows that a cut on pT (leptons) ≡ |pT (ℓ+) + /pT | can ef-
fectively suppress both the IB and the RBs. FIG. 10 plots
the inclusive pT (leptons) distributions of the signal plus
14
FIG. 7: Feynman diagrams for QCD backgrounds of W +3j.
FIG. 8: Feynman diagrams for QCD backgrounds ofWV +2j.
IB (red-solid), the IB (pink-dotted), and the total RBs
(blue-small-dotted) for example 500II with Lint =100
fb−1. We see from FIG. 10 that taking a cut
pT (leptons) > 150GeV (44)
can suppress both the IB and the total RBs, while keep
the signal as much as possible. It can also suppress
fake leptons very effectively since the scale of the trans-
verse momenta of fake leptons is of the order of the
hadronization scale which is much smaller than the re-
quired pT (leptons) in (44).
cut3: Forward-jet cuts
The signal has two clear forward jets jf1 and j
f
2 which
characterize the weak-boson fusion process, while in some
RBs, the jets which mimic jf1 and j
f
2 may not be forward.
So that we can set cuts reflecting the properties of jf1 and
jf2 to suppress the RBs. There have been several ways
of setting the forward-jet cuts. We follow the way in
Ref. [40] but with a little modification
pT (j
f ) > 35 GeV,
E(jf ) > 300 GeV,
2.0 < |η(jf )| < 5, η(jf1 )η(jf2 ) < 0. (45)
FIG. 9: Feynman diagrams for the top-quark backgrounds.
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FIG. 10: pT (leptons) distributions of signal+IB (red-solid),
IB (pink-dotted) and total RBs (blue-small-dotted) in weak-
boson scattering for the example 500II with Lint =100 fb
−1.
In the cut for |η(jf )|, we have taken account of the ac-
ceptance of the detector (cf. TABLE II). Here, instead
of taking pT (j
f ) > 20 GeV as in Ref. [40], we take
pT (j
f ) > 35 GeV for avoiding the pileup events.
In our simulation, we take the jet with most positive η
and the jet with most negative η to satisfy the rapidity
requirement in (45).
cut4: Fat jet cuts
In the signal, the fat jet J (the jet with largest trans-
verse momentum) is the decay product of a W boson,
so that the invariant mass M(J) of J should equal to
MW . Considering the resolution of the detector, we set
the requirement
70GeV < M(J) < 100GeV. (46)
This requirement can effectively suppress the largest re-
ducible background W + 3j since, in W +3j, the largest
pT ordinary jet jˆ which mimics J comes from the clus-
tering of the parton showers from a massless parton. For
most of the probability, its mass M(jˆ) is much smaller
than the requirement (46).
Furthermore, in the signal, the fat jet J and the isolate
lepton ℓ+ are decay products of the two W bosons in H
decay. With the cut (43), we also set
|ηJ | < 2 (47)
to suppress the backgrounds.
cut5: Top-quark veto
We see from FIG. 9 that, in a top-quark background
event, t → W+b → ℓ+ν¯ℓb, t¯ → W−b¯ → Jb¯. So that,
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to identify a top-quark background event, we can con-
struct the invariant mass M(J, b¯) to reconstruct the top
quark. Experimentally,M(J, b¯) must be in the top-quark
resonance region around mt. On the other hand, if we
construct M(J, b) it will not be in the top-quark reso-
nance region. However, in the experiment, we can just
see three jets J, j1, j2 in the final state, and cannot iden-
tify which one of j1 and j2 is the b¯ jet. So we should
construct two invariant masses M(J, j1) and M(J, j2) to
see if one of them is in the top-quark resonance region
to identify whether an event is a top-quark background
event. In FIG. 11 we plot the M(J, j1) [or M(J, j2)] dis-
tribution from our simulation including the signal plus IB
(red-solid) and the top-quark background (blue-dotted)
distributions for the example 500II with Lint =100 fb
−1.
We see that the top-quark resonance region is between
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FIG. 11: M(J, j) distributions of signal+IB (red-solid) and
the top-quark background (blue-dotted) in weak-boson scat-
tering for the example 500II with Lint =100 fb
−1.
130 GeV and 240 GeV [40]. So if, in an event, one of the
invariant masses M(J, j1) and M(J, j2) is in the region
130GeV < M(J, j) < 240GeV, (48)
we should veto the event. Equivalently, we only take the
events in which both M(J, j1) and M(J, j2) are outside
the region (48). In this way, we can effectively veto the
top-quark background events.
Actually, there are more untagged jets apart from the
tagged jets J , j1 and j2 in the result of the anti-kT al-
gorithm. For safety, we have also checked the constraint
(48) for invariant masses of J with all other untagged
jets.
To see the efficiency of each cut, we list the values of
the cross sections [in fb] for signal plus IB (for the five
examples mentioned in Sec. I) and various backgrounds
after each cut in TABLE III. We see that, with all these
cuts, the backgrounds can be effectively suppressed.
TABLE III: Cut efficiencies expressed in terms of the tree-level cross sections σS+IB and σB (in unit of fb) in the weak-boson
scattering process. The first five columns are values of σS+IB for the five examples, and the last four columns are values σB
for four kinds of backgrounds.
σS+IB σB
400II 500I 500II 800I 800II IB W+jets tt¯ WV+jets
without cuts 2085 2037 2009 1917 1996 1925 31500000 92000 7600
cut1 759 740 726 679 705 669 9360000 35792 2506
cut2 210 209 185 149 162 138 44270 5298 499
cut3 11.5 11.0 14.6 10.6 11.3 8.51 370 123 13.7
cut4 1.20 1.28 2.33 1.59 1.92 0.682 5.47 10.3 1.53
cut5 0.936 0.921 1.80 1.22 1.56 0.474 3.49 2.04 0.81
We see that, before imposing the cuts, theW+jets back-
ground is larger than the signal plus IB by a factor of
1.5 × 104. After cut1–cut5, it is reduced to the same
order of magnitude as the signal plus IB.
Now the cross sections are of the order of 1 fb, so that
for an integrated luminosity of 50–100 fb−1, there can be
several tens to hundreds events which are detectable in
the first few years run of the 14 TeV LHC.
From Eqs. (40)–(42), we obtain the following required
integrated luminosity for the statistical significance of 1σ,
3σ and 5σ for the five examples mentioned in Sec. I (cf.
TABLE IV).
We see that examples 500II and 800II are hopeful to
be discovered (at the 5σ level) in the first few years run
of the 14 TeV LHC; while 800I can be discovered (at the
5σ level), and 400I and 500I can have evidences (at the
3σ level) for an integrated luminosity of 300 fb −1 at the
14 TeV LHC.
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TABLE IV: Required integrated luminosity Lint (in unit of
fb−1) for the statistical significance of 1σ, 3σ and 5σ for the
five examples in weak-boson scattering.
Lint [fb
−1]
400II 500I 500II 800I 800II
1σ 32 34 3.9 12 5.7
3σ 288 397 35 110 52
5σ 800 852 96 306 143
Of course we have only taken account of the statistical
error here, and we leave the study of the systematic errors
to the experimentalists.
There is a missing neutrino in the final state. we take
the method of determining the neutrino longitudinal mo-
mentum from the requirement of reconstructing the cor-
rect value of the W boson mass suggested by Ref. [40].
There are two solutions of the longitudinal momentum of
the neutrino. we take the solution with smaller pz as is
conventionally used [44][45]. Then we can calculate the
invariant mass of the fat jet and the reconstructed W
boson.
In Fig. 12, we plot the invariant massM(J1, recons.W )
distributions (red-solid) for five examples, together with
that of the SM distribution (blue-dotted) for comparison,
with an integrated luminosity of 100 fb−1.
We see that there are excess events over the SM results
around MH . This can be a signal of the contribution of
the intermediate state heavy Higgs boson. So observation
of the excess events can be a way of discovering the heavy
Higgs boson. Comparing the five distributions in FIG. 12,
we see that the excess events are more significant for
heavier H than for lighter H .
FIG. 12: Invariant mass M(J1, recons.W ) distributions (red-solid) for the five examples [(a) 400II, (b) 500I, (c) 500II, (d) 800I,
(e) 800II] together with that of the SM (blue-dotted) for comparison, with Lint =100 fb
−1.
VII. PROBING HEAVY NEUTRAL HIGGS
BOSONS VIA pp → V H∗ → V V V ASSOCIATED
PRODUCTION
Now we study the process pp → V H∗ → V V V →
ℓ+νℓj1j2j3j4, V = W,Z. Here the W boson decaying to
ℓ+νℓ can be either the weak boson associated with H or
a weak boson in H decay. The other two weak bosons
decay to j1j2j3j4 ∼ J1J2, where J1 and J2 are two fat
jets. From now on, we take a convention regarding J1 as
the fat jet with largest transverse momentum, and J2 as
the one with second largest transverse momentum.
The Feynman diagrams for the signal and example of
the IB are shown in FIG. 13
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FIG. 13: Feynman diagrams in V H associated production. (a) The signal, (b) examples of the IB.
Again, these two amplitudes have interference, so that
they should be calculated together.
Next we consider the RBs. Now the largest QCD back-
ground is the inclusive W + 2j when W → ℓ+νℓ and the
two jets mimic the two fat jets in the signal. For safety,
we take into account all the W+ jets and the W + V+
jets processes to do the simulation, and pick up the parts
that can mimic the signal as the QCD backgrounds. For
the top-quark background, we make the same treatment
(cf. FIG. 9).
We then make the following kinematic cuts for sup-
pressing the backgrounds.
cut1: Leptonic cuts
Similar to what we did in Sec. II, we require an iso-
lated ℓ+ (µ+, e+) in the detectable rapidity region (cf.
TABLE II), i.e.,
N(ℓ+) = 1, N(ℓ−) = 0
with ηℓ+ < 2.4. (49)
Next we make the cut on pT (leptons). The inclusive
pT (leptons) distributions of the signal plus IB, the RB
and the total background are shown in FIG. 14. Here,
we do not have to take care of the transverse momentum
balance with the forward jets as in Sec. II, so we can take
a stronger cut
|pT (leptons)| > 400GeV (50)
to suppress more backgrounds. This cut can also
strongly suppress the fake leptons.
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FIG. 14: pT (leptons) distributions of signal+IB (red-solid),
IB (pink-dotted) and total RBs (blue-small-dotted) in pp →
V H∗ → V V V process for example 500II with Lint =100 fb−1.
cut2: fat jet cuts
As mentioned in Sec. II, we require the first two large
transverse momenta to satisfy
70GeV < M(J1) < 100GeV
70GeV < M(J2) < 100GeV. (51)
This can suppress the backgrounds with ordinary jets.
cut3: Top-quark veto
As in Sec. II, for suppressing the top-quark back-
ground, we construct two invariant masses M(J, j1) and
M(J, j2), where J = J1 or J2, and j1, j2 are the two ob-
served jets from the partons b or b¯ in FIG. 9. In FIG. 15
we plot the M(J, j1) [or M(J, j2)] distribution from our
simulation including the signal plus IB (red-solid) and the
top-quark background (blue-dotted) distributions for the
example 500II with Lint =100 fb
−1. We can see clearly
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the top-quark peak (in the blue-dotted curve) in the re-
gion 130GeV < M(J, j) < 240GeV for j=j1 or j2.
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FIG. 15: M(J, j) distributions of signal+IB (red-solid) and
the top-quark background (blue-dotted) in pp → V H∗ →
V V V process for the example 500II with Lint =100 fb
−1.
As in Sec. II, we set the cut
130GeV < M(J, j) < 240GeV, (52)
to suppress the top-quark background. We should veto
the event if one of M(J, j1) and M(J, j2) satisfies (52).
Equivalently, we only take the events in which both
M(J, j1) andM(J, j2) are outside the region (52). In this
way, we can effectively veto the top-quark background
events.
cut4: The ∆R(ℓ+, J1, ) cut
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FIG. 16: ∆R(ℓ+, J1) distributions of signal+IB (red-solid)
and the total background (blue-dotted) in the pp→ V H∗ →
V V V process for example 500II with Lint =100 fb
−1.
In V H associated production, because H is heavy and
has a quite large momentum, the recoil transverse mo-
mentum of the associated V boson is generally large. Fur-
thermore, due to the large momentum of the heavy Higgs
boson H , the angular distance between two weak bosons
from H decay is small, while that between the weak bo-
son associated with H and any of the weak boson in H
decay is large. If ℓ+ comes from the W boson associated
with H , the angular distance between ℓ+ and any of the
fat jets is large. If ℓ+ comes from the decay of H , there
must be a fat jet J1 (actually from the V boson asso-
ciated with H) with large ∆R(ℓ+, J1). The background
does not have this situation. We plot, in FIG. 16, the
∆R(ℓ+, J1) distributions of the signal plus IB (red-solid)
and the total background (blue-dotted) in the V H asso-
ciated production for the example 500II with Lint =100
fb−1. We see that the main distribution of the red-solid
curve is indeed located further right to that of the blue-
dotted curve. So that a cut
∆R(ℓ+, J1) > 2.5 (53)
can suppress the total background.
We know that cut1 on the leptons can effectively avoid
the fake leptons from ordinary jets to mimic the signal
lepton. However, since the fat jets J1 and J2 have quite
large transverse momenta, cut1 may not be sufficient to
suppress the fake leptons from the fat jets. Therefore, we
should require the lepton not to overlap with any of the
fat jets. Since we have taken R = 0.7 in jet formations,
this means both ∆R(ℓ+, J1) and ∆R(ℓ
+, J2) should be
larger than 0.7. cut4 already guarantees ∆R(ℓ+, J1) to
satisfy this requirement. So that we add the requirement
∆R(ℓ+, J2) > 0.7 (54)
here.
TABLE V: Cut efficiencies expressed in terms of the tree-level cross sections σS+IB and σB (in units of fb) in the pp→ V H∗ →
V V V process. The first five columns are values of σS+IB for the five examples, and The last four columns are values σB for
four kinds of backgrounds.
σS+IB σB
400II 500I 500II 800I 800II IB W+jets tt¯ WV+jets
without cuts 2085 2037 2009 1917 1996 1925 31500000 92000 7600
Cut 1 46.9 54.4 25.7 18.6 25.3 13.1 1422 65.9 47.9
Cut 2 2.78 4.36 1.21 0.629 1.41 0.211 2.91 0.716 0.336
Cut 3 2.32 3.79 1.08 0.526 1.24 0.13 2.15 0.149 0.25
Cut 4 2.04 3.21 0.921 0.426 1.11 0.061 1.39 0.060 0.179
To see the efficiency of each cut, we list the values of the
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TABLE VI: Required integrated luminosity Lint (in units of
fb−1) for the statistical significance of 1σ, 3σ and 5σ for the
five examples in pp→ V H∗ → V V V process.
Lint [fb
−1]
400II 500I 500II 800I 800II
1σ 0.43 0.18 2.3 13 1.6
3σ 3.9 1.6 21 115 14
5σ 10.8 4.5 57 319 39
cross sections (in fb) for signal plus IB (for the five exam-
ples mentioned in Sec. I) and various backgrounds after
each cut in TABLEV. We see that, with all these cuts,
the backgrounds can be effectively suppressed. Com-
pared with the numbers in TABLE III, we see that all the
backgrounds in TABLEV are more suppressed. Again
the signal plus IB cross section is of the order of 0.4–3 fb,
so that for an integrated luminosity of around 100 fb−1,
we can have a few tens to a few hundreds of events.
From Eqs. (40)–(42), we obtain the required integrated
luminosity for the statistical significance of 1σ, 3σ and 5σ
for the five examples mentioned in Sec. I (cf. TABLEVI).
We see that, except for 800I, all the other four exam-
ples are hopeful to be discovered (5σ) in the first few
years run of the 14 TeV LHC; while 800I can have ev-
idence (3σ) for Lint = 115 fb
−1, and can be discovered
(5σ) for Lint = 319 fb
−1 at the 14 TeV LHC. These are
conclusions considering only the statistical errors.
FIG. 17: Invariant masses M(J1, J2) in the pp→ V H∗ → V V V process after all cuts and ∆R(ℓ+, J2) > 2.5 for the examples:
(a) 400II, (b) 500I, (c) 500II, and (d) 800II.
Finally, we deal with the issue of experimentally dis-
covering H and measuring MH . In addition to cut4, we
add a cut
∆R(ℓ+, J2) > 2.5, (55)
where J2 is the other fat jet. Then both J1 and J2 will
mainly come from the decay of H , and thus the invariant
mass M(J1, J2) will show the H peak at M(J1, J2) =
MH . Since the uncertainties in identifying the fat jet
from a boosted W boson decay are small [41], measuring
the M(J1, J2) distribution is quite feasible experimen-
tally.
FIG. 17 shows theM(J1, J2) distributions for examples
400II, 500I, 500II and 800II. We see that sharp peaks can
be seen clearly, and thus the heavy Higgs boson and its
mass can be detected experimentally. This is the advan-
tage of the pp→ V H∗ → V V V process.
The example 800I is special. It has a very large decay
width due to the largeness of Γ(H → tt¯), so that there
cannot be a sharp peak showing up. However, due to the
fact that MH ≫ Mh in this example, the heavy Higgs
boson H moves much more slowly than the light Higgs
boson h does. Therefore, ∆R(ℓ+, J2) for H is larger than
that for h in the SM background. In FIG. 18 we plot
the ∆R(ℓ+, J2) distributions of the signal plus IB (red-
dotted) and the SM background (dark-solid) in the range
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∆R(ℓ+, J2) > 0.7 due to (54).
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FIG. 18: ∆R(ℓ+, J2) distributions of signal+IB (red-dotted)
and the total background (dark-solid) in the pp → V H∗ →
V V V process for the example 800I with Lint =100 fb
−1.
We see that the main distribution of the signal plus
IB is located around ∆R(ℓ+, J2) = 2.7 which is right to
that of the SM background at around ∆R(ℓ+, J2) = 2.3,
and the height of signal plus IB is higher. This can be
seen as a characteristic feature of the heavy Higgs boson
contribution in example 800I.
In principle, we can replace the cut (55) by
∆R(J1, J2) > 2.5 to extract the contribution of the Feyn-
man diagram in which the leptons are from H decay,
and use the reconstruction method suggested in Ref. [40]
to calculate the invariant mass M(J1, recons.W ) distri-
bution as what we did in FIG. 12. However, our result
shows that the obtained resonance peaks are less clear
than those in FIG. 17. So we only suggest the method
presented above.
From FIG. 17 we see that the excess of events over the
SM result is more significant for lighter Higgs boson than
for heavier Higgs boson. This is just the opposite to that
in the V V scattering process (cf. the last paragraph in
Sec. II). This means that the V V scattering process and
the pp → V H∗ → V V V process are complementary to
each other in this respect.
Having found the resonance, the next task is to
determine whether its spin is really zero. This can
be done by studying the decay mode H → ZZ → 4ℓ
[46] which needs much larger integrated luminosity.
Another possible way is to measure the azimuthal angle
dependence as suggested by ref. [47].
VIII. MEASURING THE ANOMALOUS
COUPLING CONSTANTS fW AND fWW
If we can measure the values of the anomalous coupling
constants fW and fWW which characterize the heavy
neutral Higgs boson H , it will be a new high energy mea-
surement of the property of the nature, and will serve as
a new high energy criterion for the correct new physics
model. All new physics models predicting fW and fWW
not consistent with the measured values should be ruled
out. The necessary condition for surviving new physics
models is that their predicted fW and fWW should be con-
sistent with the measured values. We shall see that this
measurement is really possible.
It has been pointed out in Ref. [32] that, for a
single-Higgs system, measuring both the cross section
and the leptonic transverse momentum distribution
in weak-boson scattering processes may determine the
values of fW and fWW to a certain precision. However,
in our present case with both h and H contributions, the
weak-boson scattering process is not so optimistic for this
purpose. So we concentrate on studying the measure-
ment of fW and fWW in the pp→ V H∗ → V V V process.
A. The Case of MH = 500 GeV as an Example
Let us take the case of MH = 500 GeV as an example.
After measuring the resonance peak experimentally, we
can impose an additional cut
400GeV < M(J1, J2) < 600GeV (56)
to take the events in the vicinity of the resonance peak
to further improve the signal to background ratio. Now
we take four sets of the anomalous coupling constants
fW and fWW , and see if there can be certain new
observables to distinguish them. We take
set I: Ct = 1, ρh = 0.8, ρH = 0, and fW = fWW = 0
(background).
set II: Ct = 0.6, ρh = 0.8, ρH = 0.6 and
fW = −fWW = 6 TeV−2.
set III: Ct = 0.6, ρh = 0.8, ρH = 0.6, and fW = 12
TeV−2≫ fWW = 0.
set IV: Ct = 0.6, ρh = 0.8, ρH = 0.6, and
fW = 0≪ fWW = 12 TeV−2.
We can now construct several observables which may
be able to distinguish the four sets of fW and fWW listed
above, namely (a) the pT (leptons) distribution, (b) the
pT (J1) distribution, (c) the ∆R(ℓ
+, J2) distribution, and
(d) the ∆R(J1, J2) distribution. In the two transverse
momentum distributions, the additional cuts (56) and
∆R(ℓ+, J2) > 2.5 are taken, while in the two angular dis-
tance distributions none of these additional cuts is taken.
In FIG. 19 we plot these four distributions for the four
sets of fW and fWW with Lint = 100 fb
−1, where the
dark-solid, red-dotted, pink-dashed, and blue-dashed-
dotted curves stand for set I, set II, set III and set
IV, respectively.
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FIG. 19: (a) The pT (leptons) distribution [with (56) and ∆R(ℓ
+, J2) > 2.5] , (b) the pT (J1) distribution [with (56) and
∆R(ℓ+, J2) > 2.5], (c) the ∆R(ℓ
+, J2) distribution [without (56) and ∆R(ℓ
+, J2) > 2.5], and (d) the ∆R(J1, J2) distribution
[without (56) and ∆R(ℓ+, J2) > 2.5], with Lint = 100 fb
−1. The dark-solid, red-dotted, pink-dashed, and blue-dashed-dotted
curves stand for set I, set II, set III and set IV, respectively.
We see that, in all the four distributions, the curves
of the four sets can be clearly distinguished. The differ-
ences between different sets in FIG. 19(c) and FIG. 19(d)
are more significant. Therefore, measuring the four dis-
tributions experimentally, and checking with each other,
the relative size of fW and fWW existing in the nature
can be obtained, and together with the measurement of
the cross section, the values of fW and fWW can be sep-
arately determined, which gives the new criterion for dis-
criminating new physics models. This is an important
advantage of the pp→ V H∗ → V V V process.
B. The Case of MH = 800 GeV as an Example
FIG. 20: (a) the pT (J1) distribution and (b) the ∆R(J1, J2) distribution for MH = 800 GeV with Lint = 100 fb
−1. The
meaning of the curves is the same as in FIG. 19 but with Ct = 1.
Since in the case of 800I no clear peak can be seen and it can only be realized by the distribution in FIG. 18, we
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now examine whether it is possible to measure the values
of fW and fWW in this case. In FIG. 20 we plot the
pT (J1) and ∆R(J1, J2) distributions for the MH = 800
GeV case with four sets of parameters as those in the
case of MH = 500 GeV but with Ct = 1. We see that the
four sets of fW and fWW can all be clearly distinguished.
IX. SUMMARY AND DISCUSSION
To search for new physics beyond the SM, we suggest
searching for heavy neutral Higgs bosons which are gen-
erally contained in new physics models.
We summarize our results as follows.
i In this paper, we have considered an arbitrary
new physics theory containing more than one Higgs
bosons Φ1, Φ2, · · · taking account of their mixing
effect. For generality, we do not specify the EW
gauge group except requiring that it contains an
SU(2)L × U(1) subgroup with the gauge bosons
W, Z and γ. We also neither specify the number of
Φ1, Φ2, · · · , nor specify how they mix to form mass
eigenstates except to identify the lightest Higgs bo-
son h to the recently discoveredMh =125–126 GeV
Higgs boson. Then we study the general properties
of the couplings of both the lightest Higgs boson h
and a heavier neutral Higgs boson H (lighter than
other heavy Higgs bosons). The probe of gauge-
phobic heavy neutral Higgs bosons are not consid-
ered in this study, and will be studied elsewhere.
We first gave a general model-independent for-
mulation of the couplings of h and H to fermions
and gauge bosons based on the idea of the effective
Lagrangian up to dim-6 operators in Sec. II. The
obtained effective couplings for the Higgs-gauge in-
teraction are different from the traditional ones
constructed for a single-Higgs system by contain-
ing new parameters ρh and ρH reflecting the Higgs
mixing effect. After taking account of the con-
straints from the known low energy experiments,
there are seven unknown coupling constants left,
namely the gauge coupling constant ρh in the dim-
4 gauge interaction of h [cf. Eq.(5)], the gauge cou-
pling constant ρH in the dim-4 gauge interaction
of H [cf. Eq. (6)], the anomalous coupling con-
stants fW , fWW , fB, fBB in the dim-6 gauge in-
teractions ofH [cf. (10), and (11)], and the anoma-
lous Yukawa coupling constant Ct ofH [cf. Eq.(˙2)],
and the corresponding momentum representations
are given in Eqs. (13), (14), (15), (16), (17), and
(18).
ii To estimate the possible range of the anomalous cou-
pling constants fW , fWW , fB, fBB, we first stud-
ied the theoretical constrains from the requirement
of the unitarity of the S-matrix of weak-boson scat-
tering in Sec. III. We took the effective W approxi-
mation to calculate the scattering amplitudes, and
calculate the constraints on fW and fWW by a two-
parameter numerical analysis. The obtained con-
straints are shown in FIG. 2.
iii We further studied the experimental constraints
from the ATLAS and CMS experiments in Sec. IV
to obtain further constraints. Anomalous cou-
pling constants consistent with both the unitarity
constraints and the experimental constraints are
the available anomalous couplings that an existing
heavy neutral Higgs boson can have.
We first make an approximation of neglecting the
anomalous coupling constants in theHγγ andHZγ
couplings inspired by the trend of the ATLAS and
CMS measurements of µ = σ/σSM |95% CL in the
decay channels H → γγ and H → Zγ. This ap-
proximation leads to the constraints (32) and (33)
which simplifies our analysis.
Then we consider the CMS exclusion bounds on
the SM Higgs boson for the Higgs mass up to 1
TeV, to obtain the experimental bounds on fW and
fWW . The calculation is to full leading order in
perturbation. We took the cases of 400II, 500I,
and 500II as examples. In our calculation of the
total decay width of H , we have made a conser-
vative approximation. The obtained conservative
experimental constraints and the available regions
of fW and fWW are shown as the blue shaded re-
gions in FIGs. 3, 4, and 5. This guarantees that
a heavy Higgs boson H , with its fW and fWW in
the blue shaded regions, is definitely not excluded
by the CMS exclusion bound [10]. In the cases
of 800I and 800II, there is almost no experimen-
tal constraint on fW and fWW because the CMS
exclusion bound is very loose at MH = 800 GeV.
iv In this paper, for studying the LHC signatures ofH ,
we suggest taking V V scattering and pp→ V H∗ →
V V V as sensitive processes for probing the anoma-
lous heavy Higgs boson model-independently at
the 14 TeV LHC. We take the general model-
independent formulation of the heavy Higgs cou-
plings in Sec. II. and take five sets of anomalous
coupling constants allowed by the unitarity con-
straint and the present CMS experimental exclu-
sion bound as examples to do numerical simula-
tion, namely 400II, 500I, 500II, 800I, 800II with
the heavy Higgs mass MH = 400GeV, 500GeV,
and 800GeV (cf. Sec. IV). The calculations are to
the hadron level. We take the CTEQ6.1 parton
distribution functions [34], and use MADGRAPH5
[27] to do the full tree-level simulation. The par-
ton shower and hadronization are calculated with
PYTHIA6.4 [35], and the anti-kT algorithm with
R = 0.7 [36] in DELPHES 3 [33] is used for the
formation of jets. We also use DELPHES 3 to sim-
ulate the detecting efficiency of the detector.
v We first study the the semileptonic decay mode
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of weak-boson scattering, i.e., pp → V V jf1 jf2 →
ℓ+νℓj1j2j
f
1 j
f
2 . The Feynman diagrams of the sig-
nal and backgrounds are shown in FIGs. 6–9. The
largest background is the QCD background, the in-
clusive pp→W +3j which is larger than the signal
plus irreducible background (IB) by four orders of
magnitude. To suppress the backgrounds, we im-
posed five kinematic cuts given in Eqs. (43)–(48)
which can effectively suppress the backgrounds.
The cut efficiencies of each cut are listed in TA-
BLE III, and the required integrated luminosities
for 1σ deviation, 3σ evidence, and 5σ discovery
are shown in TABLE IV. It shows that examples
500II and 800II are hopeful to be discovered (at
the 5σ level) in the first few years run of the 14
TeV LHC. while 800I can be discovered (at the
5σ level), and 400I and 500I can have evidence (at
the 3σ level) for an integrated luminosity of 300 fb
−1 at the 14 TeV LHC. We then took the method
of determining the longitudinal momentum of the
neutrino by requiring to reconstruct the W boson
mass correctly [40], and with which we calculated
the invariant mass M(J1, recons.W ) distributions
as shown in FIG. 12. We see that there are evi-
dent excesses of events over the SM result around
M(J1, recons.W ) = MH . This can be the signal
of the contribution of the intermediate state heavy
Higgs boson. We also see that the excess of events
are more significant for heavier Higgs boson than
for lighter Higgs boson.
vi We then study the semileptonic mode of the pp→
V H∗ → V V V process, pp → V H∗ → V V V →
ℓ+νℓj1j2j3j4 → ℓ+νℓJ1J2 (J1 and J2 stand for the
fat jets with largest and second largest transverse
momenta, respectively). The Feynman diagrams
for the signal and IB are shown in FIG. 13. Re-
ducible backgrounds include W + 2-jet, and the
top-quark background similar to those in the weak-
boson scattering process. We also imposed five
kinematic cuts in Eqs. (49)–(54). The cut efficien-
cies after each cut are listed in TABLEV which
shows that all backgrounds are more effectively
suppressed. The required integrated luminosities
for 1σ deviation, 3σ evidence, and 5σ discovery are
shown in TABLEVI. Except for the example 800I,
all the other four examples are hopeful to be dis-
covered (5σ level) in the first few years run of the
14 TeV LHC; while 800I can have an evidence (3σ)
for Lint = 115 fb
−1, and can be discovered (5σ) for
Lint = 319 fb
−1 at the 14 TeV LHC. In FIG. 17,
we plot the invariant mass distributions M(J1, J2)
for examples 400II, 500I, 500I, and 800II, which
shows that the resonance peaks for all these four
examples are clearly seen. This makes it possible
for the experimental search for the heavy Higgs bo-
son H and the measurement of its mass MH . For
the example 800I, due to the large decay rate of
Γ(H → tt¯), the total decay width of H is very
large such that there is no clear peak showing up.
However, FIG. 18 shows a characteristic feature of
the MH = 800 GeV Higgs boson in the ∆R(ℓ
+, J2)
distribution, which can help the experiment to find
out the contribution of the heavy Higgs boson H .
We see that the excess of events are more signifi-
cant for lighter Higgs boson than for heavier Higgs
boson. This is just the opposite to the case of the
V V scattering. So, in this sense, the V V scatter-
ing process and the pp → V H∗ → V V V process
are complementary to each other.
After determining the spin of the resonance, one
can confirm the discovery of a heavy Higgs boson.
vii We also show the possibility of measuring the val-
ues of anomalous coupling constants fW and fWW
experimentally by measuring both the cross sec-
tion and the pT (leptons) distribution, the pT (J1)
distribution, the ∆R(ℓ+, J2) distribution, and the
∆R(J1, J2) distribution (cf. FIGs. 19 and 20). This
will be a new measurement of the property of the
nature at high energies, and will serve as a new high
energy criterion for the correct new physics model.
All new physics models predicting fW and fWW
not consistent with the measured values should be
ruled out. The necessary condition for surviving
new physics models is that their predicted fW and
fWW should be consistent with the measured values.
In weak-boson scattering, we imposed the forward-jet
cut pT (j
f ) > 35 GeV to avoid the pile-up events, while
we did not impose that in VH associated production.
This is because the transverse momenta of all the final
state particles are large, e.g., our simulation shows that
pT (J2) > 100 GeV, pT (J1) > 200 GeV [cf. FIG. 19(b)],
and pT (leptons) > 400 GeV [cf. Eq. (50)].
In all our predictions, only the statistical error is con-
sidered. We leave the study of the systematic error re-
lated to the details of the detectors to the experimental-
ists. Moreover, with the study of the jet shape, it may
further suppress the backgrounds [48][49].
In Ref. [50] the 1-loop level contribution gg → V H in
the SM was studied, and they showed that, although it is
smaller than the tree-level quark initiated contribution,
this contribution can help to enhance the signal in VH
associated production. This may also enhance the signal
in our pp → V H∗ → V V V process. However, in our
Type-II examples, Ct < 1, so that the gluon initiated
contribution is less important.
Finally we make a check of the unitarity of our calcula-
tion. We know that the values of the anomalous couplings
fW and fWW which we take in this paper are consistent
with the unitarity constraints (FIG. 2). However, the uni-
tarity constraints are obtained in the effectiveW approx-
imation. Here we make a more realistic check based on
our full simulation. In FIG. 21, we plot three invariant
mass distributions up to a few TeV at the LHC in the
V V scattering and the pp → V H∗ → V V V processes.
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We see that, in the high energy region, all distributions
are monotonically decreasing to zero. This shows that
there is no unitarity violation, so that our calculation is
consistent with the unitarity requirement.
FIG. 21: Check of unitarity: (a) M(J, leptons) distribution in weak-boson scattering, (b) M(J2, leptons) distribution and (c)
M(J1, J2) distribution in the pp→ V H∗ → V V V process.
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